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ABSTRACT

An analyasis of mioroseism ground motion at

Palisades and Veston is nade on the basis of both statistical
and individual wave studies, Dats {rom three-component
seismographs are utilired for the study of six microseism
stoms, The results of both methods of ground notion
analysis show that the nioroselsms atudlied for Palisades
and Yeston are either pure Rayleigh waves or combinations

of Rayleipgh waves aprroaockhing from different directions,

The study also tends to support wsarlier findings of lae
that a relationship seems to exist Letween certain
mioroseisn paransters and leocal geology. The use of the
data to detemmine wave approach directions on the assurption
of Rayleigh waves asupports earlier reports of refraction at
the oontinental borders, and pives further avidence for

the exiatence of a nioroselsm disocaontinuity at the margin
of the continent in the vicinity of long Island,
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INTRODUCTION

Since the earliest discvussion and naming of
microseisms by Bertelll (1) much attention has been given
to the still-unsettled problem of origin of the 2-10 seo
microseisns, However, atudies of microseism ground
motion lagged behind long-range statistiocal astudies
involved in correlation with factors of posaibla'orlsin;
0.8., 206pprits (2), Ceussenhainer (3), and Mendel (4).
These, and other early astudies did serve to show striking
variations among the three components at a given station
and among &Lttorent stations.

With the wider application of ths three-component
seismograph to the study of microaelsms, which began in the
18308, | Les (B,6,7,8), Leet (8), Wadati and Masuda {10)
and Archer (1l), and more recently Remirez (12), Wilson (13),
Leet (14, 18), Xishinouye and Ikegami (16), d'Henry (17),
and Ikepaml and Kishenouye (18, 19)7 a riore complets plcture
of total ground motion has been odbtained for each of the
stotions studied, Sonevhat divergent obasorvations have
resulted from thoese inveatiyations so that mlcoroeelsmaz have
beon described for some localities as eamsontlally Rayleighe
wave type rmotion and for others as a combination of Ruyistigh-
and Lovo-vave type motlons. 8Since vory few attempts at a

completo study of microseism ground motion have baeen publishad
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for Yorth American stations it i1s hoped that this work
will add valuable data to the problem of the nature of
imieroseisns, ospecially in view of the differencos in
current obaorvations.
The selismopgrans used in this study were fron

inatrwients with the followirny characteristicss

Pulisndes - N and I, T,y=12 and 13 rospectlively, Tuals

2, Toell, T =14
Vleston =~ long=-period Benloff, ¥,I,%, Tonl, T.=60,

&
Calibration curvos are avallable for the Palisades

instruriants, Long uae of thaso ocurvos in sarthquake studies

have indicnterd tholir reliadllity for waves of 20 aaso or
longer, To ocheclkt the reliability 6? the data on inatru-
mental rosponse for shorter-pariod vaves, ngldlgh,v;vos
(Rg) for tho Alasltan shpck of rny 2b, 1950 were noaaured

on Pulisniios records, Those waves, with pericdes of sgbout
15,5 to 12 saconds wrne close to tho nicroseiam period rango,
Thaao vavaes shovad orbltel notions typleal of Hayleoiph waves
and- alan shownad pood horifontal polarity wiich Ln feated

the <ireoction o tha eplcenter tu within a feu de, reos,

™e lcngnr‘axea‘of tha orbits sh&vod pronouncsd inelination
in the dirsction of propagation aa ia shown by thouae of the
mlernaniams to DGVEIVOh lator, It {8 concluded that theo
inctrumentni response {5 also Known with sufficient re-
1Labllity in the microseiam range of periods; in tha crse of

the Palisades Instruments. The Vieston (lata was obtailned
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from matched Bonioffs for which no calibration curves

were avallable, However the uniformity of the results

to be given later indicates that differences from expectod
phase response and negnification anong the components are
within such asufficiently narrow limits as to have no
serious effect on the results and conclusions,

A total of six microseism storms were selected
for investigation with Weston records available for one of
these., Tho storns were selected so as to include a wide
range of periuds (about 3 to 8 sec) and for meteorological
conditions that appeared simple, in addition to cases that
ware close tc the tine of initial calibraticn 2f the inatru-

monts.

STATISTIZAL ANALYSIS OF PHASE RRIATION3NIPS
A'ONG TITT TOLFE. CARPOIGITS
The procedure used here i{s based upon that
describod by Ine (8). All neasurernonts and c.lculatlonq
wore made overy six hours during the six microseism storms,
with phase noaauraiants baing recorciod for one-hundrad waves
i; Ciéao Qoquéﬁéd;" Continuous rensurenants Qare rade at
the ninute narks and at ten-sec intervals until one-hundred
vavas identifiable on nll conponants ware included, This
covered nhout thirty ainutera, According to the syatem of
Iae and othara, a wuve cycleo 1ls «divided into sixteen parts
with the phase angles reprasentad by tho pointa of Aivialon

belin; ; ivon numbaers from "0" to "15" {n the nanar show: in

Fige 1o In rolinbility rieasuronionts it vag foundi that tho

Best Available Gopy
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precision of phase readings vas within one unit,

To compare the (round rotion shown by each component,

the phase «(differences, Z-E, Z-l and }N-E were detormined

for nacli one~hundred waves moasured, Phase differences

of 4instrumental oririn woare determined to Le ahout £0

19: reasg lor Z=T and 2=li, antl b deproes tor N=F {or the
microseisn pariod studiocd, ‘e final rosults wore corrncted
for thoesoe orrors in a manner ;iven lator,

The froquency of ccowrrence o' nnch of the asixtaen
possible phasn diffarencera wna ceternined and thrae f{rejuency
distributions (corresponriing to <=, 7=l and !'=}) warc
obtained, 7Ths frenuency valuns in thesa (istridbutiona wvere
smoothad Ly overlapping wol htud jroups ol I'ive valuns na
“{ven in the Jornula

P'nn Fn-z . an_l oavn « 2F

—ge— —

whare ' {8 the snoothed f{reyueney and
Fn {8 the numbar of cbaorvations of any phane ((isl'erence, (n).

Table I ;. ives snoothsd psrcanta e=-{roquency distpi-
butions of phase diffarances for ths microselsm atoms
studlod, To indicate e order of poriod {nvolved, the
avera; e pariod of only the vertical, Tz, is ivon for each
cass since no sy nificant or constant differences ocourrsd
among the components, ¥Yilacn (13) howover, fowmd that the
pericds of the horiecontala at Berkeley were consistently ono=

half sec longaer than those of the vertical,




Table I shows a preponderance of phase differonce
distributions at certaln values, as shown by the under-
scorin;;s Table II xives a muierical swmary of the most
cormonly occurring phase dlfferencoévshown by underscorin:
in Table I. tor the :-% distribution, O and 180 de(reos
are rnost f{requant, althouch Table I shows that all possible
pha.o diffsrcnces are ropresentod. The combined results
for 2-!i and 2= at Pallisades shiow noat frecuent occurrenco
at elther 135 or 315H de, roas., !or Veston moat frequent
oceurrence for Z-% and Z-T' 1a at olther 112 ) or 202} dogreas,
with all posaible phaaa difZerances a;ain being represented
in Table I. | | | I

conaldarin, the =atro, rade allintic novanant cf
' Payleirh waves and thie fuct *hat an up-%race ::ovemant on the
solamopras used corres onts to round notions that are east,
-'nﬁﬁth'or'ﬁy, tlYi6 phnae dlfforances between the vertical and
the horizontals should be @0 or 270 doyraes doponding on the
direction of wave spuronch. turther, the differancea hetween
north=south ani enni-nrst corpononts ahould be either O to
100 de, rooa, ngain depondin;: on the cirection of approach,

flearlv the obsorvad phase difforances for the
horizmmtals (l=E in tha tables) are in ;ood a;reenent with
Ravloi;h wave thoory, but are 45 and 22} degrees ton large
for the dirferencoes Liatween vertical and horizontals (2-X,
Z=£) at Pnlisadaes pnd ‘Jeston rospoctivo;y. Howover, 1if

the inatrumental correction of about 20 deg rees (, lvrn by

Best Available Conv
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calibrations) 1is made for the Palisades results they
would thor natch those for ‘Veston. (llo correction is made
for the natched Weston componqnts). Thia leaves for both
stations a residual dlfforcncé botween observed and theo-
retical values for Z-N and Z=. of about 25 degrees, which
was also Iound by Lee (1), Recent thooretical work of
Calo! (:0) =ay apply as an approximation to a layerad
crmist. Celo!l showed thint the axes of the eolliptic
rarticlc paths in llarlel h wave motion should bo inclined
{n an 'nfinite, isotropic, viaco=-clastic modium which 1is
compara>lie o The svera e rock of the earth's crust,
Presunetly the amount of inclination will be affected by
‘both larerin and rock type. Dobrin (21) and ulsler (i)
!zav-.'av rec e-xt.l:'w-pnr:od on- S.nclllnat-'.vh.)na of Hayleish wiva
123 -roduced in explosion selsmology.

Asswiln - that thie ot:sarved microseisns approached
frex *he const (~ast) and .'_oncraliy fron the dt:-ocﬁion of
she —r2s abvisus netear-lo_lical «alsturbances, the ohaerved

fieparncersy $h tonte retro. rude orbital notlion, It

-

[ Bk A

L2 {=sommant to note that any nechanlan canaling j round

-

trlen vy nove Lnoalliptic patha woulr: appear to explaln

- -
[P

(%)

e Lurarget  neaa o L Carercen, but ni, ht not produce retro-
maie ronatlon, a1 onaerven Lera,  lutenberg (83) for axamplo
Yo 3Loan Shat e ot lnatton of Luclonnt and reflectod SV

nuan o i eevrtity o guplsca coulsd procucs an alliptlc rotion

s anleer el alasinesg ol 30O to 4,000 Jn, which lacludos
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the distances of most atmosphoric disturbances nassoclated
with nicroseism storms,
STATISTICAL ANALYSIS OI' AMPLITVTE REILATIONSNIPS
A¥ONC TV TIOTE COMPONEITS

During the intervals in which phase measurerients
vere made, the amplitude and period of the largost vave in
sach nminute was also reoordod; For each of the cormponenta
the mean snplitudes, IE, !N and Iz weres . computed at eagh
obssarvation tine of about 30 minutes cdurstion, l'rom this,
tho mean horieontal amplitudes,

LR B B
was computed, The ratioc of the mean horizontal %o the mean
vertlcal amplitude (xn/xz), and also the ratic of the horizontals
IE/XN wars detsrnined,

In Table III note that Weston amprlitudes are given
as trace snplitudes (nagnification curves were net avallable
and no correction was considered necesaary), whareas f{or
Palissdes ground motion amplitudes are plven, OUround
amplitudo caloulations are based on the usswiption of
continuous sinuaoidal wavea. Althowh this is inadequate,
the results for a particular instruuont type would Le nffected
in a similar way for a g ivon wave form. 83ince this study
esasentially conalders arplitulle ratlos, the above conaldera-
tions can be naglacted,

Although the periods and ground amplitudes for
Paligados appoar te be ponerally proportional during the
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progress of any particular microseism storm given here,
they are unrelated when the data for all ths storms are
consicdered together, ‘

To consider the ratio K/ K, for both atations,
1t is notod that these values are cenerally unrelated to
period. This would be sxpected on the basis of Rayloigh
wave theory, where this ratic is a function of the direction
of Approach. Ascording to Table I1I, t"/‘lN generally
1ies betwveen 0.3 and 0.8, On the assumption of Rayleigh

waves certain interpretations oan be nﬁdo which néc piven

in s later section,

A definite trend exists for the relationship ?
between Iu/ Iz and period T, which is made olear when
rraphed, as in Fig. 2, where the curve shown has been
drawn by eye to fit the points, In Pig., 3, similar
sspirical results for DeBilt are taken from Iese (0), who
usad monthly nalnl; Lee's theoretioal curve 1i'a1|o iiven
in this fiure and is derived from the theory of Rayleigh

waves proparated in a system composed of g ranite overlain

by a layer of lower velooity and density., llis caloculations

reveal that the smplitude ratios at all pariods should be
generally lower when the slastlc properties of the layer
aro oloser to those of granite, ilatios of horicontal to
vertical amplitudes ars lowsr for Palisndes than for Delilt
which may thus be explained by the latter Leing on a recent

"weak" formation compared %o the more compact ruoks inm the
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vicinity of Falisades. The amplitude ratios for Palisades
conform to those expected from theory for such sonditions,

fee's theorotiocal curve, which is peaked at 5,8
seo, has been caloculated on the basis of 1,6 im of clay
on granite, and according to his work, would be displaced
toward shorter pariods for thinner surface layers, Althouch
Palisades roests on a layer only about .b lom thick sonsisting
of Triassic sediments with a portion of the Palisades
diabase sill ineluded, coastal plain and shelf sediments
bngtn a few KkKilozeters onﬁud from the astation, These
extend eastward for scores of kilameters and thicken %o
more than 2 lon, lo specifisc conclusions are drawn from
this, however, the resemblance between the two curves
succests that the microseisns studied behave like Rayleigh
waves, and that they rmay be used to reveal certain gross
geologic rutm-os; |

Weston is situatsd Vorﬁvmoluu and schists {n a
reilon of Lymeous and metanorphic rock whoas elastio
properties are presuiably closer to those of pranite than
are thnae prOpertiola for tha sediments and sill at Palisades,
Although the Weston data are too few for graphic treatment,
the X, X, ratios from Table III are considerably lower than
those for Pallsades, and thus also conform to lee's theoretiocal

results obtained from Rayleiyh wave theory.
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ANALYSIS OF INDIVIDUAL WAVE MOTION

From each of the microseism storms studied
statistically, several one-minute intervals exhibiting
regular waves identifiable on each component were sslscted
for detalled utudz. It s ogphnuizod that aelqpticn was

mads only on the basis of wave coherence on each of the

threae conponent records, Hoasurementa of amplitude wore

mads every half'wascond during these intervals., Partiole
trajectories in each of the prime planes were runonatrﬁcted -
by plotting tracs kﬁplituden for both stations, lNo corrections
ware considered necessary for ragnilication and phase response
for the Weston data, However, certain correotions should be
considered for the Palisades data in view of the small
differences of instrunental msponas, Thess wlll be

considered i{n the discussion of the trajectoricvs,

An exsmple of ths results for ths nicroseism stora
of October 13, 1960, and the tracss from which they were
derived, are shown in I'ig. 4. The general appsarance of
the particle paths ias typical of the results for each of
the mioroselsn astorms stwulied, with similar disgras for
‘tho othor five stoms VLeing given in Flig., be Lnoh aequence
of orbits represonts s rilcroanism (roup, usually of threo
or four cochorent wave cycles, Tho wave orbits have bLesn
soparated to present as clear a picture of the trajectorles
ag possible,

| It 1s evident that the motion in the vertical

planes (1S and ¥/) are elliptical as was derived from the

$
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preceding study of amplitude ratios, and show varying
degrses of diatortion. 8Small distortions are probably
the rasult of background=level oscillations not apparent
on the traces., GCross dlatofﬁiqna of the ellipses have
been correlated with asymmetric waves, whose diatortions,
although not visually apparent, are brought out in ths
moasurements,

Although no instrumental corrections are nade
hare, consideration of nagnifications and phase differanges
for the Palisades components indicates that the only
corrections necessary would involve s variable decresase
of the vertical coordinates of the ellipses. Thia decrease
would vary from about 26 percent for pofiodl below 7 seoc to
gero at 7 seo, lNo alignificant rotation of the orbits would
ocour,

It 1s apparent that the axes of the orbital 8llipaes
projected in the vertical planes shown, are inclined, This
confirms similar conolusions derived iran the precesding
statistioal study, 8Similar inclinations have bsen reportad
by many inveastijators for Raylei;h waves fron exylosiona
and earthquales,

7o consider the trajoctorlies in the hofizontal
plane Lt is noted from l'i;as b and 6 that pround motion
shown here is nearly nlways linaarly polsrized, This ia
expsctad on the basls of the atatistical phase cifforencen

{iven carlier. In Filp. €, Aon ', a striking corrolation

.
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exists for the cdeyres and direotion of polarity (SE)

for Palisades and ¥Weston for the same times and same
microselism storm, Instrumental correctlions would cause
a decrsase of about L derrees In tho angle between the
north=asouth coorcinate axis and the long axes of the
orbits and a decrease in tho total east-wost motion by
about 20 percent for Pallisades, The tendency toward |
alliptic motion in the horizontal trajecturies shown here
has been obsarved at other stations, Lgnzllw to t);a con=
troversy over the type or tynes of seisnic waves present
in mioroseisus,

The muat cormion interpretations for this effect
have been that the observed nicroseisrna are either
combinations of Rayleiyh anid Love waves or of pure Rayleich
waves arriving simultanecusly from difforent direoctions,
The former implies that rmost of the time elliptic horirontal
motion shoullt oxist, with pure Hayleigh or purs love waves
being observed on occasions, Ths latter inplies that
slliptic horizontal motion may -Le rmuont,imd that pure
Rayleigh wave motion should be cbserved whenever the invos
are unidirectional, Pure Rayleigh-wave type nrotion is
cormon at Paliasades and Weston acoording to the data shown
here. A careful exanination of the records foar these
mioroselam storms revealed only one or two cates in each
one-hundred oyocles in which Love wave motion was indicated
by horizontal motion with no accompanying vertioal motion,

e N e s oI T Tt pae o oI e E— awh
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reteorolopic diasturbances, or {rom any narine effect,

and such movement was always near backgrowx level and
usually incohorent. Although microseianms atudied at
sore localities seem to show & significant love wave | |
contribution, thoss reported hera seer to be pure

Rayleiih waves or cambinations of them, Qpno departure
from linear polarity ls sntually observed for accepted
earthqucke Rayleigh waves recorded at Palisades, and s~'ms
to be a result of interference., I[\rther, if the source

of these microselisris be conaidered as the obvious narine

the sources would be gsnerally eastward. The riotiona
then shown in the dia;rars would be roetrograde and oconmpare

favorably with Rayleigh waves,
DETERNILNATION ' TIE DINECTIO oF WAVE APFROACH

Assuning the microselans atudied to be Hayleigh

waves it is posaidble to apply the data and results obtaina! hers

to the detemiination of the dircotions of approach. Based
on tho Raylaigh wave concept, each quadrant of approach 1s
associated with a certain set of values for the phase

differences Z-F and Z-N, as is summarized {n Tabls 1V,

TABIE IV
Approach Quadrant 2-Y ZeX
o wETTTTT 50 i)
) 80 870
SW 270 270
mw . 270 80




After correcting the phase differences in
Table I from the calibration data and allowing for the
inclinations of the elliptic axes, a duminant quadrant
" of approach 18 found for each observation. To further
refine the direction, the ratio li/ Iﬁ given in Table III
1s used to define the mean direction angle (O=Arctan XE/RMN).
This 1s measured from north for northeast and northwest
| quadrants, and from 8south for southeast and aouthvout
quadrants, In addition to these directions based on the
statistical data, directions were also daterminad for %le
~ {ndividual wavos studied in the preceding section. In this
caose the quadrant of approach is obtained from the conpnfison
. of the particle rotation in the EW and IS vertical planes,
~and the dircction angle, @ , 1s the angle between the dlbec-
" tion of eloncation of horizontal motion and the north-south
coordinate axis, Siuch directions were detarmined only for
. the waves which showed lnear polarity {n the horizontal
planea. Insirunental corrections wore applied to these
. directions. | | -
The rotucroloyical disturbances associated with
* the microseisms wore detormined from marine weather charta,
and both the azimuths of the certors,and the sectors
" subtonded LY the. storms at the stations, ware moast.ad,
Table V, swuiarizes the direction results obtalned
" from the statlistlecal data, wii abile VI, the results f'rom

the individual wave analysla. Ilortheast and southeast appear

Best Available Copy



3 ik o ASERTINE £V A U B b M i 5 e n o,

to be the only quadrants of approach which is expacted
for marine sources and the siations ‘involved. In
teneral the computed directions of approach do not
coincide with the azinuths of the storn: centers nor with
the sectors suhtended by the storms. Agreement between
. computed and obsorved directions {s much Letter for iiérma‘
that are northeast or southeast than for those directly
. eastward. Thls tendency for approach dlrections to be
either northeast or southeast even when generating areas
- are to the east strongly. indicates rofraction of microselsns
at the continental nargin., In nost cases when hurricanes
"moved from south to north off the oust coast, approach
directions rermainoed to the southeast until the storn was
"well to the north of east. Then approach directions aswing
to hortheast nlso. Strong refraction effects for earth-
quake Kayleiyh waves were found by Pross and Fwing (24)
to exist for periods less than 20 seconds with indications
that the effect increuses for decreasin; perlods. Tri-
partite st:xdies o: Donn and Rlaik (25) also indicate the
oxistence of refraction oi nicroseisms at continental
toritora. The offect of awell trnvoilng to the const in the
walte of the storm and Lein;, responsible for this affect ia
‘negated by earlier studies (27, 28).
Of further siynificance in this connoction is the
'strikinu tendency fér cast-west displucements to Lo lower
than for north-south, as noted in Table II, edpeclally when

~atmospheric storms are east of the atations. Thia appeara to
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be of aignificance since obsarvations reported in the
literature olted earlier ;ive horizontal amplitude ratios
from 05 to 1.5 for other stations, l'urther, no approsch
directions from east were ever noted in this investijation,
This mi ht Le explained by sone propagation discontinuity,
posalbly atr;;tural in nature, along the continontal riargin,
An npproximate eaat-wast orientatlion of the discontinuity
I8 {nplied LYy the discrinlnation aainat nicroaelsns {ron
the eaat at otations along an approxinats vast-vest line.
Suech a diacontinuity would have tho same trend as the conti-
nental shelf in this oriticul arsa. Auplitudes of waves
{rom thie east would be low owiry, to thelr Li_h angle of
incidence on such @ discontinuity. Previous indlications

of this have Leen (iven by Donn (26) from microseima atudiess.
COLCLUSIONS

1. The dominant type of miorcsalam ground notion
at Pallinndes and Veston resenblea that of theoretical
Raylel; i waves, 1his is bLased on both ao statistical mond
individual anulysis of phase and mnplitude relationships
for storm nicrossisus recorded sinultaneously on three=
coriponont selano;raphs, !liloroseisms ocoasionally showing
elliptic rather than linear poiarity in the horirzontal
plane are erxplained as beling combinations of pure Rayloigh
waves frorm diff'erent directions.

2. Cooloyloal slgnificance of three=scmponent
mioroseism studles lies in possible dotermination of gi*oss

structural features in the vicinity of a station,
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Favorable correlation between observation and theory
seems to exist for such studies made at Palisades and
Weston, However, those studies are not considered to be
complete,

Se¢ The use of the statistical and individual
vave analysis data to determine the direction of wave
approach at Palisades and Veston gives unsatisfactory
results which can be axplained by the existence or‘atrong
refraction of microseisns at the eastern continental
bordér. A further impliocation from direction and amplitude
studies fs thn existonce of a discontinulty, possibdly
structural in nature, parallel to, and in the vioinity of,

the continental margin,
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SAXLE III, ANPLITODS DA%4
ZALISATSS
Oreund Asplitude

(nicron)ispliteim Ratste  Perisd

Date wr & Ay A& % 3./& %
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SARLE V, COWPARISCE OF CCMUTED DOMINAET AFFROACH
DITLTICHS VWITH CBARRYED STORN NIECTIONS

PALISADRY
Aagle sud.
Refined Dirsction tsnded at
Dorinant Directina of Storm Station
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Fig., 8. BEnmpiriocal ocurve of the ratio
of the mean horisontal to the mean
vertical smplitudes plotted sgainst
mean period,
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Fige 3. A V¥V, loo'o observed and
theoretioal data for amplitude ratios
and periocd,
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